This paper discusses the development of wind tunnel test capabilities at the University of Illinois at Urbana-Champaign to obtain the aerodynamic performance of highly-coned subscale wind turbine rotor configurations as part of the ARPA-E funded project to design extreme-scale Segmented Ultralight Morphing Rotors (SUMR). The scaled rotors were designed to be configurable for various coning and pitch angles. Many challenges were associated with testing at these small scales numbers due to the small forces generated, Reynolds number effects, and the high rotor rotation rates required. Rotors were tested at freestream velocities from 4.5 m/s to 9.5 m/s at various coning angles (0 to 50 deg) and pitch angles (4-8 deg). The results obtained can be used to further validate blade element momentum theory (BEMT) codes developed for design and analysis of highly-coned rotors.
I. Introduction
The trend toward the use of large offshore wind turbines in a bid to maximize power production capabilities and reduce overall cost has necessitated the need to build wind turbines with blades longer than 100 m. At these scales, the primary design limitation are structures and weight. Longer blades are required to increase power production; however, the combination of blade bending and gravitational loads mean that to be structurally sound and handle all wind conditions, blade root diameters will reach sizes that are extreme.
The ARPA-E (Advanced Research Projects Agency -Energy) funded SUMR (Segmented Ultralight Morphing Rotor) project intends to address this critical issue and eventually engender the design of 50 MW wind turbines with potentially 200 m long blades. The approach taken is to design downwind wind turbines with blades that are segmented and with the ability to cone. In this way, similar to the swaying and bending of palm trees under high wind loads, the blades can be passively and/or actively coned in such a way that the combination of gravitional, centrifugal, and bending loads acting on the blade are aligned along the blade axis. The alignment of these loads along the axis of the blade, in essence, allows for the blades to be designed to be drastically thinner and lighter.
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The use of coning for wind turbines is not a novel concept as wind turbine blades are usually preconed to avoid tower strikes. However, coning the wind turbine blades at high angles and the possible use of segmented multiconing is something that has not been explored before. Therefore, a new BEMT code, BladeMorph, 3 is being developed as a part of the ARPA-E SUMR program for the purpose of rapid design and analysis of highly-coned rotors. To validate BladeMorph along with other computational analysis codes for wind turbines, such as AeroDyn 4, 5 and PROPID 6, 7 and to address the dearth in wind tunnel testing data for high coning angles in literature, a wind tunnel rig was designed and manufactured for subscale testing of horizontal axis wind turbines. Due to many practical limitations, a perfect scaling of the extreme-scale SUMR wind turbine rotors for testing in the UIUC wind tunnel was not achievable. However, since the aim of these experiments was to validate the codes at high coning angles, 3 an entirely new rotor was designed to be tested at low Reynolds number for various coning and pitch angles. Both the freestream velocity and turbine rotation speed (RPM) were also varied, and the measured outputs were power (C P ) and thrust (C T ) coefficients. This paper is arranged as follows. First, details of the wind turbine rig design and methodology are presented. The blade and hub design and methodology is then presented followed by a method of accurately capturing the coning angle of the rotor when in rotation. Finally, results of wind tunnel tests together with associated discussions are provided.
II. Experimental Apparatus

A. Facility
All experiments were conducted at the low-turbulence subsonic wind tunnel located at the Aerodynamics Research Laboratory at the University of Illinois at Urbana-Champaign (UIUC). The wind tunnel is an openreturn tunnel with a rectangular test section that measures 2.8 × 4.0 ft (0.853 × 1.219 m) in cross-section and 8 ft (2.438 m) in length. Over the length of the test section, the width of the tunnel cross section increases by approximately 0.5 in (12.7 mm) to account for boundary layer growth along the tunnel side walls. Test section speeds of up to 160 mph (71.53 m/s) can be obtained via a 125 hp (93.25 kW) alternating current electric motor connected to a five-bladed fan. As detailed in Ref. 8 , the turbulence intensity of the wind tunnel was measured to be less than 0.1%.
B. Experimental Apparatus
The objective of the wind tunnel tests was to have the ability to measure power (C P ) and thrust (C T ) coefficients as a function of tip speed ratio (T SR) for various coning (β) and pitch (θ) angles.
First, a detailed literature survey was performed on various wind turbine rigs designed to measure C P and C T for scaled wind turbines. [9] [10] [11] [12] [13] The general conclusions from the literature survey was that the unconed blade diameter should be maximized to ensure that the blade section Reynolds number is maximized. The blade section Reynolds number is maximized to limit low Reynolds number effects. One key limitation to the diameter of the blade is the rotor swept area versus the tunnel cross section area (swept area ratio) which from literature has been between 8-29%. The swept area ratio in this study is maintained to a slightly conservative 20%, resulting in a rotor diameter of 1.5 ft (0.457 m). The range of wind speeds to be tested were 4.5 to 9.5 m/s with the maximum tip speed set to 85 m/s to ensure that blades that were 3D printed did not lose structural integrity when rotating at high speeds. With the tip speed limitation and the range of freestream speeds, the maximum rotation rate was set to 3,500 RPM.
As per the design requirements, the wind turbine rig used for the experiments was custom-designed and in-house fabricated. As shown in Fig. 1 , the main force balance is a pendulum-type balance that sits on the ceiling of the wind tunnel. A sting attaches from the force balance to the main turbine rig setup that is located in the center of the tunnel. Since the turbine is oriented downstream, a fairing was designed and 3D printed to minimize the unsteady wake effects from the sting and wind turbine rig and ensure that the flow reaching the turbine blades are smooth. A more detailed side view of the turbine rig is shown in Fig. 2 .
The turbine rig consists of a servo motor, inline torque transducer, and turbine blades all attached together via bellows couplings and bearings. The motor is a 200 W Applied Motion servomotor that includes an inbuilt encoder. The motor is rated for 0.55 Nm of continuous torque at a rotation rate of 4,650 RPM. The servomotor is powered by a DC power supply. A regenerative clamp is placed between the DC power supply and the servomotor. It serves as a protection to the power supply when the wind turbine rotor is producing power during testing. An Interface Inc. 1 Nm inline torque tranducer is connected to the servomotor via a bellows coupling. The inline torque tranducer can handle a maximum rotation rate of 8,000 RPM and has no slip rings to ensure minimal torque measurement error. The turbine rotor is connected to the inline torque transducer via another bellows coupling and a bearing block. The bearing block ensures that the shaft of the blade adapter is accurately aligned with the motor and torque transducer shafts thereby minimizing misalignment moments. The adapter used for the turbine rotor hub and blades is a commercial-off-the-shelf R/C propeller adapter. 
C. Blade Design
The design goal of the blade was to enable it to operate at low Reynolds numbers with high efficiency while maintaining its stiffness. In this way, nonlinear effects associated with low Reynolds numbers and aeroelastic effects could be minimized to allow for proper validation against computational analysis codes.
The design of the blade itself can be divided into the design of the blade geometry and its individual airfoil sections. Two in-house developed inverse design tools were used for blade design, PROPID 6,7 and PROFOIL.
14,15 PROPID is an inverse design tool used to design the wind turbine blade geometry itself. Based on a specific power requirement and constraints such as maintaining the axial induction factor to the Betz optimum (1/3) along the blade, a blade with a prerequisite chord, twist and pitch is inversely designed. The assigned airfoils are designed using PROFOIL, another inverse design tool specifically used for airfoil design. In PROFOIL, the desired velocity distribution, thicknesss, and moment requirements are set a-priori. For the current project, the critical design parameters were that the airfoil was be 10% thick and also have a minimum thickness of 0.75 mm at the trailing edge to ensure 3D printability. Two new airfoils, the AS7004 (root) and AS7005 (tip) were designed in PROFOIL. Both airfoils were based on the SD7003 airfoil. 16 Airfoil coordinates for both airfoils are provided in Appendix A. Table 1 details the chord, twist, and airfoil distribution of the blade tested. The design pitch angle of the blades is 4 deg.
The blades were 3D printed in aluminum from Shapeways 17 and were left un-sanded to minimize blade shape alterations. Aluminum blades were used throughout the tests due to its stiffness, especially for coned tests. For coning angle tests, blades made using materials other than aluminum exhibited large deconing effects when rotating due to its centrifugal loads. Although less, the aluminum blades for coned rotors also exhibited deconing at high rotation rates. These effects are detailed in Section II.C. The planform and sectional view details of the designed blade are shown in Figs. 4(a) and 4(b). Since the hub requires less material compared to the blades, multiple hubs of varying cone angle and/or pitch angles were designed. In this way, only one set of blades were used for all tests performed. The hubs were 3D printed in polished metallic plastic (alumide) from Shapeways and sized to ensure structural integrity at all speeds tested. 
III. Methodology
A. Test Matrix
The goal of the wind tunnel tests is to chart the effect of coning angle and pitch angle on rotor performance. A test matrix, shown in Table 2 , was created to help accomplish this goal. All tests were conducted at freestream velocities of 15 ft/s (4.6 m/s) to 31 ft/s (9.4 m/s). At each freestream velocity, the rotor speed was varied from a minimum of 500 RPM to a maximum of 3,500 RPM. 
B. Measurement Approach
Measurements of the torque are taken with the inline torque transducer. Details of how torque is measured using the rig are shown in Figs. 6(a,b). As shown in Fig. 6 (a), with no blade and V ∞ = 0, the motor has to overcome the negligible friction of four bearings (in orange and blue) to rotate the shaft. Q meas0 provides the friction torque due to bearings B2, B3, and B4 at each rotation speed. With the blades mounted and V ∞ > 0, Q meas1 read by the torque sensor is the aerodynamic torque of the blade less the frictional torque due to bearings, B2, B3, and B4. Finally, the C P at a specific V ∞ and rotational speed (ω) is calculated by
where A is the reference area of the rotor disk based on the unconed radius, R ref .
The thrust coefficient, C T , of the turbine is calculated from the measurements taken using the load cell located on the ceiling of wind turbine rig (see Fig. 1 ). Given that the force balance is of a pendulum type, any drag acting on the turbine blades will be measured by this load cell. The fairings for the sting and turbine rig are not attached to the force balance but to the ceiling of the wind tunnel. As a result, only the drag (D meas ) of the turbine blades is measured by the load cell. The C T is then calculated by
It should be noted that both C P and C T have been calculated using projected unconed rotor area. The tip speed ratio (T SR) results presented in this paper is calculated by
Lastly, all results provided in this paper do not include wind tunnel corrections.
C. Deconing Effects
During testing of coned rotors, deconing of the aluminum blades were observed due to the centrifugal forces associated with the blade rotating at high speeds. As a result, a method of capturing the amount of deconing of the rotor as a function of rotation rate was required to ensure that the rotor performance was accurately understood. Deconing of the rotors was captured using a strobe light. At each rotation rate, a photograph of the side view of the rotor was captured by adjusting the frequency of the strobe light such that the rotating rotor appeared still and oriented vertically (stroboscopic effect). Strobe light photographs were captured at rotor rotation rates of 0, 500, 900, 1300, 1700, 2100, 2500, and 2900 RPM for all cone angles tested (10, 20, 30, 40, 50 deg) . Figures 7-11 shows a sample of these photographs at rotation rates of 0, 500, 1300, 2100, and 2900 RPM. It can be observed that the blades decone nonlinearly meaning that each radial section of the blade operates at a different cone angle. The effective cone angle of the rotor is calculated by taking the tangent of the blade at the 75% radial location of the blade. The effective cone angles measured directly from the strobe light photographs are tabulated in Table 3 . Note that the strobe light photographs presented are at zero V ∞ (wind tunnel off). Strobe light photographs taken at V ∞ of 31 ft/s showed negligible deconing differences to the zero V ∞ cases. 
IV. Results and Discussion
Wind tunnel runs were conducted with the aluminum blades tested at various freestream velocities. Test velocities ranged from 15 ft/s (4.6 m/s) to 31 ft/s (9.4 m/s). The range of rotation rates tested for the turbine were from 500 to 3,500 RPM. The range of freestream velocities and rotation rates results in tip speed ratios (T SR) from 1 to 12.
A. Reynolds Number Effects
One of the main issues with testing scaled blades is the effect of Reynolds numbers. At low Reynolds numbers (Re < 500,000), airfoil viscous effects related to the laminar separation bubble start to play a large role in the performance of the blade itself. As a result, it is important to test rotors at the highest freestream speeds possible. However, higher freestream speeds concurrently require higher rotation rates for the rotor to achieve similar tip speed ratios. Each blade coning and pitch setting was tested at wind tunnel freestream speeds up to 31 ft/s. Figure 12 shows the effect of freestream velocity on C P of the rotor with a pitch of 4 deg and coning angle of 0 deg. Figure 12 clearly shows the correct trends of C P as a function of T SR. As V ∞ increases, the overall curve also shifts up. Similar to what has been observed in the literature, the main reason for the curve shift is the Reynolds number effects associated with the blade. As V ∞ increases, the blade sectional Reynolds number increases. Consequently the efficiency of the airfoil increases, thereby increasing the airfoil C l and mainly decreasing its C d . As can be observed from the curves, as V ∞ reaches velocities close to 10 m/s, Reynolds number effects start to minimize as the C P vs T SR curves start to converge. An interesting way of looking at the results is in terms of a normal operation of a wind turbine. At a particular wind speed, the rotor is expected to be operating at the tip speed ratio that maximizes C P . Therefore, the power curve of the rotor is plotted from the data in Fig. 13 (blue line with square markers) . The effect of Reynolds number can be seen by coplotting the theoretical power curve (blue dashed line) given a C P max at 31 ft/s of 0.39. The rotor is observed to produce lower power at lower wind speeds.
B. Cone Angle Variation
In this section, the effect of varying cone angle on the aerodynamic performance of the rotor was investigated. Different hubs were individually designed for a specific coning angle configuration. Whenever the coning angle of the rotor had to be changed, the hub designed for the corresponding coning angle was selected and operated with the same set of blades each time to obtain the wind tunnel test data. Coning angles of 0, 10, 20, 30, 40, and 50 deg were tested for the design pitch case of 4 deg. The results of these tests at a freestream velocity of 31 ft/s are shown in Fig. 14 .
As noted in Section III.C., blades of highly coned rotors operating at high rotational speeds exhibited deconing due to centrifugal loads along the rotor blade length. Hence, it should be noted that each curve in Fig. 14 corresponds to the cone angle at which the rotor was designed to operate instead of the actual coning angle of the rotor during rotation. Figure 15 shows the same results with rotation rate as the x-axis instead of tip speed ratio. As can be seen from Fig. 15 , the peak region on C P vs rotation rate curves for higher coning angles are flatter compared to the zero coning case, with the 10 deg coning case being the outlier. The flattening of the regions near the C P peaks suggests higher C P than expected at higher rotational speeds. The higher-than-expected values of C P can be explained via deconing of blades at higher rotational speeds. The higher the rotational speeds, the larger the decrease in effective coning angle of the rotor (see Table 3 ). The fact that the outboard region of the rotor blade operates at a lower coning angle at higher rotational speeds suggests higher C P at higher rotor speeds given that a major portion of the power from the rotor is generated from the outboard sections of the blades. For 10 deg coning case, there were high vibrations observed at higher rotational speeds, thus causing a deviation from the trend of C P peak flattening at higher coning angles due to deconing. From Figs. 14 and 15, it can be seen that with higher coning, the C Pmax values occur at lower values of T SR. Such a trend of decreasing values of optimum T SR with higher coning can be attributed to a reduction in the angles of attack experienced by the blades when the coning angle is increased. The reduction in the angles of attack along the blade at higher cone angles stems from a changed flowfield geometry on the blades where only a component of the axial velocity normal to the blades contribute toward generation of aerodynamic forces, for a given tip speed ratio. It should be noted that the blades were designed to operate at a specified L/D distribution at zero cone angle. Keeping the aforementioned fact in mind and the fact that higher T SR values lead to a larger angles of attack along the blade, it becomes apparent for higher coning angle cases, the angles of attack for which the optimum L/D distribution is obtained, are achieved at lower T SR values. Similar to the prior subsection, power curves for the rotor at the different coning angles are coplotted in Fig. 16 . The power curves were created by using the power values that related to C Pmax of the rotor at the specific freestream velocity tested. Results from Fig. 16 shows the clear reduction in power production with increasing coning angle.
C. Pitch Angle Variation
Figures 17 and 18 show measured C P vs T SR curves for the wind turbine blades at pitch angles, θ of 2, 4, and 6 deg at coning angles of 20 and 40 deg. From these results, it can be observed that C P decreases with increasing pitch angle. The reduction in C P values when the blades are increasingly pitched to feather (increasing pitch angles) is because for the same tip speed ratios, pitching the blades to feather decreases angles of attack along the blades, thereby generating lower torque at the same freestream and rotational speeds. In addition, the T SR at which maximum C P occurs shifts lower with increasing pitch angle. The decrease in optimum T SR values occur again due to a reduction in angles of attack values along the blade. As explained earlier, a combination of the increase in angles of attack due to operating at lower T SR and the decrease in the same with pitching the blades to feather causes the angles of attack for optimum L/D distribution to occur at a lower T SR value. It is also interesting to see that the effect of changing the pitch of the blades at higher coning on the C P reduces at higher coning angle, as seen in Figs. 17 and 18. 
V. Conclusions
The ARPA-E funded SUMR program intends to address and overcome the issues associated with the trends toward extremely large offshore wind turbine designs (up to 50 MW). In order to deal with the structural and weight contraints at these sizes, a passive/active segmented coning concept is proposed. Current computational design and analysis codes for HAWT wind turbines have not been validated at high coning angles. In addition, there is no literature available regarding wind tunnel tests for wind turbines at high coning angles. To address this issue, a wind tunnel rig was designed to measure C P and C T as a function of tip speed ratio for wind turbine blades of varying coning and pitch angles. Wind tunnel tests were conducted on rotors with coning angles up to 50 deg and varying pitch angles. The results obtained will be used for validation of BEMT codes developed for analysis of highly coned rotors. 
